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Introduction
Transcranial alternating current stimulation (tACS) is a noninvasive technique known to modulate brain oscillations. Interestingly, tACS affects brain functions or behavior in a frequencydependent manner [1e5] . The effective stimulation frequency of tACS is regarded as matching the targeted brain oscillations [4, 6] . Indeed, electroencephalographic (EEG) studies have revealed that tACS at a frequency (~10 Hz) over the visual cortex enhances resting a activity in the parieto-occipital area during [7] and after stimulation [8e11] . Posterior a oscillations are a prominent feature in resting EEG, and are thought to have an association with a broad Abbreviations: tACS, transcranial alternating current stimulation; VEP, visual evoked potential; PR-VEP, pattern-reversal visual evoked potential; FF-VEP, focalflash visual evoked potential; EEG, electroencephalography; ERP, event-related potential; V1, primary visual cortex; V2, secondary visual cortex; ERSP, eventrelated spectral perturbation; ITC, inter-trial coherence; cpd, cycle per degree; LMM, linear mixed-effects modeling. range of visual neurocognitive functions. However, the role of these oscillations in visual system function remains unclear [12] . Recently, tACS has been applied to investigate a causal link between a oscillations and visual processing [7,13e15] . Nevertheless, frequency-dependent effects of a tACS were not observed in some studies [16, 17] . Therefore, the effects of a tACS on the visual cortex may be complex and depend on task demands.
In this study, we recorded visual evoked potentials (VEPs) to determine the effects of a tACS on the visual system. The human visual system processes different visual information via multiple, parallel pathways or channels, and VEPs can be used to assess such pathways [18] . For example, in pattern-reversal VEPs (PR-VEPs), the small checkerboard pattern stimulates the fovea and activates mostly contrast channels [19] , whereas flash stimulation is processed by luminance channels [20] . Several earlier studies have postulated that VEPs are related to a oscillations [21e23] . In such a model, the phases of the background a oscillations are partially aligned with the visual stimulus and, in turn, the oscillations contribute to the generation of VEP components. However, this relationship remains controversial [24e26] . Therefore, we hypothesized that if there is a causal relationship between background a oscillations and visual system processes, then a tACS should modulate not only resting a activity but also visual system functions such as VEPs and visual task performance. To test this hypothesis, we first investigated whether a (10 Hz) tACS modulated PR-and focal-flash (FF-) VEP amplitudes after stimulation, as compared with b (20 Hz) tACS, in Experiment 1. Next, we assessed the event-related a phase concentration or power dynamics in VEPs modulated by a and b tACS using time-frequency analysis. We also investigated resting a power modulations after tACS in Experiment 2. Finally, we measured the behavioral effects of a and b tACS on contrast sensitivity in Experiment 3 because PR-VEP amplitudes depend on pattern spatial frequency [27] . Since there may be different spatial frequency preferences in the separate visual cortical areas (e.g., primary (V1) and secondary (V2) visual cortices) [28] , we used three different spatial frequencies for the contrast sensitivity assessments.
Material and methods

Participants
A total of 33 healthy subjects (17 females; mean ± SD, 26.8 ± 7.8 years old) took part. None of the subjects had any history of neurological, psychiatric or other medical problems. All subjects had normal or corrected-to-normal visual acuity. The right eye was dominant in 30 subjects. All participants gave written informed consent in accordance with the Declaration of Helsinki. The study was approved by the Ethics Committee of Kyushu University. Thirteen subjects (7 females; 26.1 ± 7.4 years old) joined in Experiment 1. The sample size was chosen based on previous studies of tACS targeted to the visual cortex [8e11,13]; this number of subjects showed sufficient statistical power (1 À b ¼ 0.9). Subsequently, sample sizes of N ! 15 were determined to be necessary for Experiments 2 and 3, to achieve statistical power of 0.8, on the basis of the effect size in Experiment 1. Therefore, 17 subjects (7 females; 28.4 ± 8.3 years old; 5 had also participated in Experiment 1) and 15 subjects (8 females; 29.5 ± 9.1 years old; 7 had also participated in Experiments 1 and/or 2) took part in Experiments 2 and 3, respectively.
Experimental designs
This research was designed as a randomized, crossover and single-blinded study. Sessions with the different tACS frequencies (i.e., Experiment 1: a and b tACS, Experiments 2 and 3: a and b tACS and sham) were separated by at least 2 days.
In Experiment 1, PR-and FF-VEPs were recorded before, and every 10 min after, tACS, for up to 30 min (Fig. 1A) . The order of VEP types was randomized across subjects. The sham condition was not used in Experiment 1 because we were primarily concerned with the difference in VEP alteration between FF-and PR-VEPs following a and b tACS. In Experiment 2, resting EEG and VEP recordings were completed before, and up to 10 min after, stimulation (Fig. 1B) . In the VEP measurement, PR-VEPs were recorded because a tACS was found to be effective only on PR-VEPs in Experiment 1. Resting EEG was always recorded before PR-VEP recordings to minimize the influence of VEP stimuli on the resting a oscillations. In Experiment 3, contrast sensitivity was measured at baseline and up to 10 min after tACS (Fig. 1C ). Each session started with a training run to familiarize the subject with the contrast sensitivity task. The sham condition was employed in Experiments 2 and 3, to confirm the tACS effects.
tACS Participants sat on a comfortable chair in a quiet room with dim lighting during experiments. tACS was delivered by a batterydriven current stimulator (DC Stimulator-Plus, NeuroConn GmbH, Ilmenau, Germany) through two self-adhesive electrodes (PALS electrodes, Axelgaard Manufacturing Co., Ltd., Fallbrook, CA). tACS was applied at 1 mA (peak-to-peak) for 20 min (the impedance was kept below 5 kU), with 5 s ramping up and down. The target tACS electrode (3.5 Â 3.5 cm) was placed at Oz' (2.5 cm above the inion), and the reference electrode (7 Â 5 cm) was positioned at Cz (International 10e20 system). The tACS electrodes were affixed using a support bandage. These electrode positions were chosen to affect the occipital cortex [29, 30] . For sham stimulation, a tACS was applied for only 30 s at the beginning of the 20 min period. After stimulation, all subjects were asked to report whether they experienced any tACS-induced sensations.
Recordings of VEPs and resting EEG
VEPs were recorded from the electrode at Oz' with the reference electrode at FCz (forehead) [31, 32] . For PR-VEP recordings, a checkerboard pattern with 15-min checks was used. For FF-VEP recordings, a uniform white field was presented for 200 m s and then replaced by a black field for 800 m s. For both types of VEPs, the stimuli subtended 6 of visual angle from the vertical and horizontal midline in the lower visual field ( Fig. 1A ) [32] . The resting EEG was recorded from Oz' and Pz (International 10e20 system) [9, 33] with the reference electrode at FCz. To measure background brain oscillations, subjects' resting EEG responses were recorded for 60 s. Participants were instructed to fixate on a red point at the center of the screen during VEP and resting EEG recordings ( Fig. 1 ). Details of VEP and EEG recordings are provided in the supplementary methods.
Measurement of contrast sensitivity
Contrast sensitivity was measured with single Gabor patches (visual angle, 10 ; vertical orientation) in binocular vision (Fig. 1C ). Contrast sensitivity was measured at three different spatial frequencies (0.5, 3 and 9 cycle per degree (cpd)), and the test consisted of 30 trials (10 trials per spatial frequency, in random order). For further details, see supplementary methods.
Data analyses
Data analyses were performed using functions implemented in the MNE-Python software [34] and custom-programmed tools in Python.
Analysis of VEP amplitudes
The artifact-free VEP data from Oz' were averaged offline. We measured the major components of FF-and PR-VEPs: peak-to-peak amplitudes of PR-VEPs (N75, P100 and N145) and FF-VEPs (N1, P1 and N2) ( Fig. 2A ) [32] . The two VEPs recordings from before tACS were averaged, and used as the baseline (pre-tACS). The VEP amplitudes in trials after tACS (post-tACS) were normalized relative to those of the pre-tACS.
Time-frequency analysis for VEP data
In the time-frequency analysis, the event-related spectral perturbation (ERSP) and inter-trial coherence (ITC) were calculated. The epochs of 2000 m s (with 1000 m s before pattern-reversal) were extracted from the PR-VEP data recorded at electrode Oz' in Experiment 2. Trial-by-trial time-frequency analysis was performed using Morlet wavelet transforms in frequencies between 4 and 40 Hz, in steps of 1 Hz, with wavelet cycles increased from 2 to 20. ERSP represents mean power changes relative to the prestimulus period (À300 to 0 m s) across epochs, and was calculated as the log-ratio [log10 (poststimulus period/prestimulus period)]. ERSP measures event-related changes in spectral power over time [35] . Meanwhile, the ITC is a measure of the phase synchronization of the EEG activity to the time-locking events [36, 37] . The ITC values range from 0 to 1, with ITC values close to 1 reflecting almost perfect phase coincidence across epochs.
To evaluate the ERSP and ITC related to VEP responses, we defined the analysis time windows from 50 to 200 m s after pattern-reversal ( Supplementary Fig. S2 ). Moreover, frequency bands of interest were selected in the a (10 ± 1 Hz) and b (20 ± 1 Hz) ranges, taking into account the tACS frequencies. The ERSP and ITC values of the analysis time windows in the a or b ranges were averaged for each subject. To measure the after-effects of tACS, two VEP recordings before tACS were pooled as the pre-tACS, and then subtracted from the post-tACS for each subject.
Analysis of resting EEG
Resting EEG data from the electrodes at Oz' and Pz were each split into 2 s epochs. A fast Fourier transform was applied to each epoch, to calculate power spectra of 0.5e30 Hz, then logtransformed spectra were averaged [38] . To evaluate power changes induced by a and b tACS, the mean power in the a (10 ± 1 Hz) or b (20 ± 1 Hz) range was calculated. To measure the after-effects of tACS, the pre-tACS power values were subtracted from the post-tACS data (Dlog10 power ¼ log10 power (post) À log10 power (pre)). Moreover, we measured a and b peak frequencies in resting EEG data of pre-tACS ( Supplementary  Table S1 , Supplementary Fig. S3 ).
Analysis of contrast sensitivity
We excluded trials without a button press, then calculated the average contrast sensitivity for each spatial frequency and each subject separately as a baseline (pre-tACS). The individual contrast sensitivity values (i.e., 10 trials of each spatial frequency) in post-tACS were normalized to the pre-tACS baseline value in each subject.
Statistical analyses
The tACS after-effects on each measurement were evaluated using a linear mixed-effects modeling (LMM) with subjects as a random effect, and time (Experiment 1: post 0e30 min; Experiment 2 and Experiment 3: post 0e10 min) and tACS (a and b tACS or sham) as the fixed effects for all experiments. When a main effect of tACS was observed, we used pairwise comparisons for a post-hoc analysis, and p values were adjusted using Bonferroni correction for multiple comparisons. To evaluate the relationship between VEP amplitudes and resting a power in Experiment 2, the after-effect at time points post 0e10 min on each measurement were averaged together as a total post-tACS, and then Pearson's correlation coefficients were calculated. To test the stability for pre-tACS in each evaluation, LMM was performed with tACS as a factor. The data are presented as means ± standard error of the mean. The significance level for all tests was set at p < 0.05. Statistical analysis was carried out with SPSS (version 17.0 for Windows, IBM, Armonk, NY).
Results
Regarding the stability of pre-tACS measurements in each experiment (Experiment 1: amplitudes of PR-and FF-VEPs; Experiment 2: N75eP100 amplitude of PR-VEPs, and a or b range values (ERSP, ITC and resting EEG power); Experiment 3: contrast sensitivities). There were no significant differences between tACS sessions in any of the measurements (p ! 0.098).
Experiment 1
a tACS enhanced PR-VEPs but not FF-VEPs a tACS increased PR-VEP N75eP100 amplitudes compared with b tACS (Fig. 2B upper left) . LMM revealed a significant effect of tACS, but no significant effects of time or tACS Â time interaction were found ( Table 1 ). The PR-VEP P100eN145 amplitudes did not differ significantly between the a and b tACS conditions ( Table 1 , Fig. 2B upper right). In addition, there were no significant effects of time, tACS or their interaction on FF-VEP N1eP1 amplitudes and P1eN2 amplitudes ( Table 1 , Fig. 2B lower) . We replicated the finding from Experiment 1 that a tACS increased N75eP100 amplitudes. In brief, LMM revealed a significant effect of tACS, but there was no significant effect of time or time Â tACS interaction ( Table 1) . Post-hoc analysis revealed that N75eP100 amplitudes were significantly enhanced after a tACS, compared with sham, and that there was a tendency toward higher amplitudes for a tACS compared with b tACS (see Fig. 3 and figure   legend) .
Based on the time-frequency analysis, Fig. 4A shows the changes from pre-tACS in averaged ERSP in the a (10 ± 1 Hz) and b (20 ± 1 Hz) ranges. For the a ERSP, LMM revealed a significant effect of tACS without significant effects of time or time Â tACS interaction (Table 1) . Post-hoc analysis revealed that b tACS decreased the a ERSP compared with a tACS, but not compared with the sham condition ( Fig. 4A left) . In the b ERSP, there were no significant effects of tACS, time, or time Â tACS interaction ( Table 1 , Fig. 4A right) . (Table 1) . Post-hoc analysis showed that a tACS enhanced a ITC compared with that of b tACS and sham (Fig. 4B left) . In b ITC, there was a significant effect of tACS, without a significant effect of time or time Â tACS interaction ( Table 1 ).
Pairwise comparisons revealed that b ITC was increased for a tACS compared with b tACS, but did not differ from sham (Fig. 4B right) .
a and b tACS augmented resting a activity Fig. 5A shows the grand-averaged power spectra across all subjects at Pz. a tACS increased the resting a power, while b tACS increased both of resting a and b power. In the a power, LMM revealed significant effects of tACS and time, but no significant time Â tACS interaction was found ( Table 1) . Both a and b tACS increased a power compared with sham ( Fig. 5B left) . In b power, there was a significant effect of tACS without a significant effect of time or time Â tACS interaction ( Table 1) . b tACS increased b power compared with both a tACS and sham (Fig. 5B right) . Examination of the after-effects on a and b power at electrode Oz', showed that the power modulation by tACS was less marked than that at electrode Pz ( Supplementary Fig. S4 ).
tACS-induced changes in resting a power at Oz' or Pz were positively correlated with changes in PR-VEP amplitudes in the a tACS condition only (Fig. 6 ). We also confirmed that the mean peak frequencies in the a and b ranges at electrodes Oz' and Pz were very close to the tACS frequencies ( Supplementary Table S1 ). When subjects' peak frequencies in the a and b ranges were compared between Oz' and Pz, both peak frequencies at Pz were higher than those at Oz' ( Supplementary Fig. S3 ).
Experiment 3 a tACS improved contrast sensitivity
For each of the three spatial frequencies (i.e., 0.5e9 cpd), LMM revealed significant effects of tACS, but no significant effects of time or time Â tACS interaction were found (Table 1 ). In comparison with the sham stimulation, a tACS improved the contrast sensitivities at all three spatial frequencies (p 0.032, corrected), whereas b tACS only increased the contrast sensitivity at 3 cpd (p ¼ 0.018, corrected) ( Fig. 7) .
No effects of tACS-induced flickering sensation
In each of the three experiments, about half of the subjects reported a slight flickering sensation during b tACS (see more details in Supplementary results). To investigate the possible influence of tACS-induced flickering perception, we classified our subjects into two groups: a group of those with the sensation (flickering group) and a group of those without it (non-flickering group). We compared the total post-tACS between the two groups, but found no significant differences (p ! 0.52, unpaired t-test) ( Supplementary Fig. S5 ). Therefore, our findings cannot be explained simply by flickering sensations.
Discussion
Our aim was to elucidate the effects of a tACS on the visual system. In Experiment 1, a tACS increased the amplitudes of only the early components of PR-VEPs, and this effect lasted for at least 30 min after stimulation. In Experiment 2, a tACS increased resting a oscillatory activity, and a significant positive correlation between PR-VEP amplitudes and resting a oscillatory activity was observed. a tACS also increased the a phase synchronization in timefrequency analysis. Experiment 2 also demonstrated that b tACS enhanced resting a activity, but did not affect VEP amplitudes. In Experiment 3, a tACS improved contrast sensitivity. Taken together, a tACS is more effective for modulating PR-VEPs and contrast sensitivity than is b tACS. Possible neural mechanisms and physiological implications are discussed below.
a tACS modulates early PR-VEP components and contrast sensitivity
In general, VEPs represent the activation of neuronal populations specific to the nature of the visual stimulation. PR-VEP stimuli with an optimal check size preferentially stimulate the fovea, and activate the contrast and spatial frequency channels of V1 [19] . Flash stimuli are processed by luminance channels [20] . [1, 84] <0.001 0.077 [3, 84] 0.972 0.227 [3, 84] 0.877 (P100eN145) 0.388 [1, 84] 0.535 0.323 [3, 84] 0.809 0.213 [3, 84] 0.887 FF-VEP (N1eP1) 1.976 [1, 84] 0.163 0.303 [3, 84] 0.823 0.867 [3, 84] 0.462 (P1eN2) 0.096 [1, 84] 0.758 0.344 [3, 84] 0.794 0.386 [3, 84] 0.764 Experiment 2 (n ¼ 17)
PR-VEP (N75eP100) 4.487 [2, 80] 0.014 0.407 [1, 80] 0.525 0.664 [2, 80] 0.518 a ERSP 4.033 [2, 80] 0.021 0.108 [1, 80] 0.743 0.743 [2, 80] 0.483 b ERSP 0.366 [2, 80] 0.694 0.806 [1, 80] 0.372 1.128 [2, 80] 0.329 a ITC 7.073 [2, 80] <0.001 0.212 [1, 80] 0.647 0.193 [2, 80] 0.825 b ITC 4.445 [2, 80] 0.015 0.086 [1, 80] 0.77 0.322 [2, 80] 0.726 resting a power 6.901 [2, 80] 0.002 6.478 [1, 80] 0.013 0.101 [2, 80] 0.904 resting b power 4.535 [2, 80] 0.014 0.002 [1, 80] 0.969 0.041 [2, 80] 0.959 Experiment 3 (n ¼ 15) 0.5 cpd 3.544 [2, 873 .019] 0.029 0.15 [1, 873 .013] 0.699 1.545 [2, 873 .026] 0.214 3 cpd 7.931 [2, 875 .013] <0.001 0.988 [1, 875 .011] 0.32 0.111 [2, 875 .016] 0.895 9 cpd 5.544 [2, 857 .069] 0.004 0.678 [1,856.992] 0.411 1.538 [2,856.999] 0.215
The bold font indicates that the differences reached statistical significance. PR-VEP: pattern-reversal VEP; FF-VEP: focal-flash VEP; ERSP: event-related spectral perturbation; ITC: inter-trial coherence. Therefore, we assume that a tACS affects specific channels of V1, and consequently increases the N75eP100 amplitudes of PR-VEPs.
Magnetoencephalographic studies have revealed that the N75 and P100 components have sources around the calcarine fissure of striate cortex (V1) whereas the N145 source is localized to striate or extrastriate cortex [18] . Additionally, in a study by Plant et al. (1983) early components of PR-VEP amplitudes were modulated by the spatial frequency of visual stimuli, whereas those of late components were not [39] . In an animal study, the optimal spatial frequency of cells in V1 ranged from 0.5 to 8 cpd, and cells in V2 responded to lower spatial frequencies than did cells in V1 [40] .
Indeed, our finding revealed that a tACS improved contrast sensitivity for the spatial frequencies between 0.5 and 9 cpd. Collectively, these findings support our assumption that a tACS activates the contrast and spatial frequency channels of V1.
The interaction between posterior a oscillations and VEP amplitudes
For many years, researchers have debated whether VEPs are modulated by ongoing a activity. There are two hypothetical models that explain the relationship between VEPs and ongoing a activity: the evoked model and the phase-reset model. The former assumes that VEPs are independent of background oscillatory activity [24e26]. The latter supposes that ongoing a rhythm is partially phase reset by a sensory input, and part of the VEP is generated by a reorganization of ongoing a oscillations [22, 23, 41] .
So far, the debate has not been conclusively settled.
Our time-frequency analysis revealed that a tACS increased the a ITC but not the a ERSP, along with enhancing PR-VEP amplitudes.
In the phase-reset model, it is predicted that the event-related phase reorganization occurs independent of the event-related power modulation [35, 42, 43] . In other words, the phase resetting of background a oscillations can lead to increased a phase concentration (i.e., a ITC) without event-related a power (i.e., a ERSP) modulation. Thus, our a tACS after-effects agree well with predictions of the phase-reset model. Furthermore, a tACS increased resting a activity, and there was a positive correlation between PR-VEP amplitudes and resting a activity modulation, which also supports the phase-reset model [41] . Conversely, b tACS was found to increase resting a activity, whereas it did not change VEP amplitudes or a ITC. These b tACS effects suggest that background a enhancement does not necessarily result in VEP modulation, which is in line with the evoked model. Interestingly, b tACS decreased the a ERSP compared with a tACS, but not compared with the sham condition. This effect suggests that a and b tACS both increase resting a activity but induce different poststimulus a dynamics.
Thus, our findings indicate that the phase-reset model cannot completely explain our results, suggesting that the two different models could coexist in parieto-occipital cortex. Indeed, several studies have proposed the coexistence of these two models, according to which, both partial phase-reset and partial evoked models contribute to the dynamics to VEP generation [35, 44] .
Although a oscillations have been extensively investigated, their functional role is not fully understood. One influential hypothesis is that a oscillations reflect the functional inhibition of task-irrelevant brain regions [45, 46] . In fact, previous studies revealed that strong posterior a activity has a negative impact on visual behavioral performance [47, 48] . However, other studies have demonstrated positive correlations of a activity with behavioral performance [49e51], and it has been suggested that the functional role of a oscillations may vary along the cortical hierarchy [52, 53] . Thus, we speculate that a and b tACS could modulate different neuronal networks or sources that are partially involved in the generation of a oscillations, and consequently would induce different effects on PR-VEP amplitudes.
tACS for spike timing-dependent plasticity
It has been suggested that tACS entrains ongoing oscillations in a frequency-dependent manner [4] . Many studies have shown that a tACS over the occipital cortex enhances a power in the parietooccipital area during or after stimulation [7e11]. In this study, we replicated the finding that a tACS increased the resting a power, and further demonstrated that b tACS enhanced not only resting b power but also a power in the parieto-occipital cortex. Meanwhile, all tACS conditions, including sham, increased resting a power over time (post 0 vs. post 10) in Experiment 2. Increased resting a activity in a sham condition was also reported in a previous tACS study as natural a increase [11] , and it may explain the effect of time revealed by LMM in Experiment 2. Recently, network modeling Fig. 6 . Correlations between the resting a power at the Oz' (left) and Pz (right) electrodes and N75eP100 amplitudes of PR-VEPs. The normalized data on resting a power and N75eP100 amplitudes for the two post-tACS times (i.e., post 0, 10 min) were collapsed for each subject and each electrode, to calculate the D resting a power and N75eP100 ratio, respectively. Each circle represents the after-effects of resting a power at Oz' or Pz vs. N75eP100 amplitudes in the a tACS, b tACS or sham conditions. In both electrodes, a positive correlation was found in the a tACS condition but no such relationship was obtained in the b tACS and sham conditions (a tACS, Pz: r ¼ 0.523, p ¼ 0.031; Oz': r ¼ 0.533, p ¼ 0.028; other tACS conditions, p ! 0.236, Pearson correlation). Lines are the regression lines for each correlation. *p < 0.05. studies revealed that when the stimulation frequency of tACS was a harmonic of the endogenous oscillations, the endogenous rhythmic activity was increased as a subharmonic resonance [54, 55] . These resonance or entrainment effects are in good accordance with our results. However, the entrainment evidence regarding tACS has been supported during (i.e., online to) stimulation [7, 56] , and the mechanisms of after-effects (offline effects) are unclear. A recent study showed that the entrainment effects of tACS did not last after stimulation [10] , and spike timingedependent plasticity (STDP) was proposed as a plausible candidate to explain after-effects [8, 10, 57] . According to the STDP hypothesis, a tACS can selectively strengthen the synaptic weights of neuronal circuits (recurrent loops) with a reverberation frequency at 10 Hz, and lead to the increased a oscillatory activity, after stimulation, as a synaptic plasticity effect [8, 10] . In this model, online entrainment of tACS can contribute frequency-specific synaptic strengthening by STDP [57] .
Therefore, we speculate that b tACS can affect the neuronal circuits that reverberate at 10 Hz and at 20 Hz, related to the abovementioned subharmonic resonance mechanisms, and result in enhancement of power in both the a and b ranges after stimulation.
It is interesting to note that the modulation of resting a and b oscillations after tACS was more pronounced at Pz than at Oz' ( Fig. 5 and Supplementary Fig. S4 ). In the resting state, posterior a oscillations have a widespread origin in the parieto-occipital areas [58] and may reflect a complex product of both thalamo-cortical and cortico-cortical interactions in the visual cortex [12] . Indeed, subjects' a or b peak frequencies in resting EEG in pre-tACS differed somewhat between the Oz' and Pz electrodes ( Supplementary   Fig. S3 ). This may imply that posterior a and b oscillations reflect summation of several local network rhythms. However, it is beyond the scope of our study to discriminate the cortical sources modulated by tACS in the present experiments. This point should be clarified in the future studies.
Limitations
Although tACS was applied at a constant amplitude (i.e., 1 mA), about half of subjects noticed a slight flickering sensation during b tACS. Indeed, a previous study revealed that the tACS-induced retinal flickering threshold was lowest for b tACS [59] . To avoid the perception of flicker, different intensities are necessary for a and b tACS. However, current intensity is an important factor influencing tACS effects [55, 60] , and thus we used the same intensity at a and b tACS in this study. Moreover, although we investigated the influences of tACS-induced flickering, these perceptions could not explain the after-effects of a and b tACS on PR-VEPs and resting a power modulation.
Conclusions
Our findings revealed that a tACS over occipital cortex increased PR-VEP amplitude and resting a oscillatory activity. However, b tACS induced the enhancement of resting a power without VEP amplitude modulation. These results suggest that the generators of VEPs and posterior a oscillations partially share the same neuronal networks, and that tACS can affect such networks in a frequencydependent manner.
